Silylated chalcogen reagents are proven entry points for the preparation of ligandstabilized, nanometre-sized metal-chalcogen clusters. More recently, these reagents have been developed to incorporate specific functionalities onto the surfaces of nanoclusters. The group 11 metals Cu and Ag in particular yield a wealth of structural types, the features for which are dependent on the nature of the surface chalcogenolate ligands. The content of this review focuses on complexes that have been structurally characterized by single-crystal X-ray diffraction studies and illustrates the ease by which these frameworks can be assembled.
Chalcogen-containing ligands (a) Chalcogenide (E 2− ) ligands
The preparation, structural characterization and properties of nanometre-sized metal-chalcogen cluster complexes ('nanoclusters') continue to be at the forefront of chemical research efforts. The controlled synthesis of numerous high-nuclearity assemblies with different global structural characteristics results from the flexibility of chalcogenide (E 2− ) and chalcogenolate (RE − ) moieties to adopt several bridging coordination modes (Müller & Diemann 1987) . This tendency can be attributed to the highly polarizable chalcogen centres and the anionic nature of these ligands. Chalcogenide ligands typically adopt m 3 -, m 4 -and higher coordination interactions in high-nuclearity clusters. Although m 2 -coordination (figure 1) is possible, it is less likely as the additional lone pairs of electrons will typically bridge additional metal centres. Terminal coordination can be observed for chalcogenides but generally only in clusters of main group metals (Krebs et al. 1982; Krebs & Henkel 1991) . The ability to bridge multiple metal centres increases going down the chalcogens from sulphur to selenium and tellurium, a consequence of the larger ionic radii and larger polarizability of these heavier elements. For this reason, neutral metal-chalcogen clusters must typically be kinetically protected from further condensation reactions to yield the thermodynamically favoured binary solids (Dehnen et al. 2004) . To prevent the formation of bulk solids, ancillary ligands, such as tertiary phosphines, amines or the above-mentioned organochalcogenolate anions, are incorporated onto the surfaces in order to restrict the number of vacant coordination sites about the metals and stabilize the cluster core.
(b) Organochalcogenolate (RE − ) ligands
Organochalcogenolate ligands are often used in conjunction with E 2− ligands in the synthesis of metal-chalcogen clusters (Dehnen et al. 2002) and, much like the more electron-rich chalcogenides, they have a high tendency to bridge metal centres. In contrast to chalcogenides, however, terminal coordination is much more common for these ligands. Although the most common bonding mode of RE − ligands is doubly bridging, m 3 -and m 4 -coordination is also possible and more common for the heavier elements. The coordination can also be manipulated by modifying the steric requirements on the organosubstituent (R) and/or by altering the ancillary ligand sphere around the metal centre.
Chalcogen delivery methods

(a) Alkali-metal-stabilized chalcogenide and chalcogenolate anions
There are now numerous solution-based methodologies for the controlled mixing of chalcogen and metal centres, which lead to well-defined cluster architectures. One common approach to the synthesis has been the addition of alkali-metalstabilized chalcogen anions to a ligand-stabilized metal salt. These reactions are driven by the thermodynamically favourable formation of an alkali metal halide (Roof & Kolis 1993) . Chalcogenide anions (E 2− ) can be generated in situ from H 2 E through deprotonation in basic solutions or are introduced via reaction as alkali metal chalcogenide salts. H 2 Se and H 2 Te, however, do not find widespread use in cluster synthesis, as these reagents are very toxic, more difficult to handle and can often lead to a mixture of products (Roof & Kolis 1993) . Chalcogenolate anions (RE − ) can be introduced using related chalcogenol reagents (RE-H) or metal-stabilized anion (RE-M), the latter often formed in situ by the reduction of diorganodichalcogenides (REER; R = alkyl, aryl, ferrocenyl; E = S, Se, Te) with an alkali metal, organolithium reagents or metal hydrides (Herberhold & Leitner 1987; Burgess & Morley 2001) . These reagents are often used together with chalcogenides to generate metal chalcogenide/chalcogenolate clusters. In these systems, the chalcogenolate ligands occupy surface sites while chalcogenides form the components of the cluster core, but may also be present on the surface. The chalcogenolates serve to stabilize the cluster from further condensation reactions and, most importantly, can serve to introduce a specific functionality onto the nanocluster surface.
(b) Silylated chalcogen reagents
The use of silylated chalcogen reagents has developed into a powerful approach in the synthesis of nanometre-sized metal-chalcogen clusters (Fenske 1994; Dehnen et al. 2002; DeGroot & Corrigan 2004) . These reagents provide a soluble source of chalcogen under very mild reaction conditions, making them an ideal chalcogen delivery agent. Compounds of the type E(SiMe 3 ) 2 and E(R)SiMe 3 react readily with a wide range of metal salts or metal alkyls (Wehnschulte & Power 1997; DeGroot & Corrigan 2000) , forming metal-chalcogenide and -chalcogenolate bonds, respectively: 3) where X = halide, acetate; E = S, Se, Te. The driving force behind these reactions is the formation of an X-Si bond and elimination of X-SiMe 3 (X = halide, OAc, alkyl, etc.). The reagents are highly soluble in common organic solvents, even at low temperatures in nonpolar solvents. The slow, controlled condensation reactions thus made possible have led to the formation and crystallization of nanoscopic metal chalcogenide nanocluster frameworks, most notably for the group 11 metals. Just as important for the crystallizations, the silane by-product is also soluble and does not typically interfere with the crystallization process (DeGroot & Corrigan 2006 (Krautscheid et al. 1993; Wang et al. 2002) . The properties of these and related binary 11-16 nanocluster complexes have been thoroughly reviewed (Dehnen et al. 2002 (Dehnen et al. , 2004 (Anson et al. 2008) .
Ultimately, the nature of the products obtained from reactions of metal salts with silylated chalcogens can be highly dependent on the conditions, although an understanding of the parameters for cluster growth is at present largely unknown. The chalcogen sources are typically added to the solubilized metal coordination complexes at low temperatures (Dehnen & Fenske 1996; Aharoni et al. 2003) . The solvent system, reaction and crystallization temperatures, reactant ratio and the nature of the coordinating ligand can all strongly influence the nuclearity and structure of the products formed (Dehnen et al. 2002) . Similarly, the nature of surface RE − can also have a strong structure-directing role, especially when the size of the organosubstituent is very large, or the chalcogenolate ligand has more than one donor atom to the cluster framework (i.e.
− E-R-E − ) (Wallbank & Corrigan 2001 ).
Preparation of silylated reagents
Silylated chalcogen reagents are readily prepared, easily handled and can be stored for long periods. RESiMe 3 (R = alkyl or aryl; E = S, Se, Te) can be prepared via numerous synthetic methods although Grignard or alkyllithium reagents are the most common entry point. Elemental chalcogens insert into the metal-carbon bonds of these reagents to yield REMgX (X = Cl, Br) and RELi, respectively, and the silylated product is subsequently generated through the addition of chlorotrimethylsilane, yielding RESiMe 3 and the corresponding metal halide (Haller & Irgolic 1972; Schmidt et al. 1986 ). An alternative route for the synthesis of RESiMe 3 involves the reductive cleavage of diorganodichalcogenides (REER) with alkali metals
alkyllithium reagents or metal hydrides, and silylation (Liesk et al. 1977; Krief et al. 1992 )
Recently, the reagents Li[ESiMe 3 ] have been used to prepare ferrocenyl (Fc) and ferrocenoyl chalcogenides via nucleophilic displacement reactions (MacDonald & Corrigan 2008) 
Bis(trimethylsilyl)chalcogenides, E(SiMe 3 ) 2 , are prepared via the addition of chlorotrimethylsilane, ClSiMe 3 , to an alkali metal chalcogenide, M 2 E (M = Na, Li) (So & Boudjouk 1989) , generated from either the reduction of elemental chalcogen with sodium metal in aqueous ammonia or ethereal solvents (So & Boudjouk 1989; DeGroot et al. 2003) , or with lithium triethylborohydride (Thompson & Boudjouk 1988; So & Boudjouk 1989) .
Although these reagents are comparatively easy to handle and store, they too are sensitive to air and moisture, and undergo rapid hydrolysis/oxidation to the elemental chalcogen in the case of E(SiMe 3 ) 2 or to diorganodichalcogenides in the case of RESiMe 3 . In addition to the silylated chalcogen reagents being a convenient and efficient method for the delivery of E 2− and RE − , the 'tunability' of the substituent 'R' in the latter presents the opportunity to control the characteristics of these capping ligands, which have been referred to as 'chalcogenides with a handle' (Dance 1986) . They can be tailored to introduce specific chemical functionalities into the cluster. For example, the silylated ferrocenyl selenide reagents 1,1 -Fe(h 5 -C 5 H 4 SeSiMe 3 ) 2 and CpFe(h 5 -C 5 H 4 SeSiMe 3 ) have been prepared in order to functionalize the surface of metalchalcogen cluster cores with redox active units (see below) (Wallbank & Corrigan 2001; Lebold et al. 2003) . The preparation of Et 2 N-C 6 H 4 -N=N-C 6 H 4 -SSiMe 3 also holds promise for the ultimate assembly of metal chalcogenide nanoclusters whose cores are stabilized with strongly absorbing (dye) ligands (Fuhr & Fenske 2004 
Surface functionalization of metal chalcogenide nanoclusters (a) Mixed chalcogen clusters
Metal chalcogenide nanoclusters have been of interest for some time owing in part to the unique size-dependent properties that they exhibit (Alivisatos 1996; Nirmal & Brus 1999; Murray et al. 2000; Soloviev et al. 2000 Soloviev et al. , 2001 . More recently, the manipulation of their surfaces via ligand selection/design has become an important focus in this arena of chemistry. The incorporation of specific ligands onto nanoclusters has been found to have marked effects on the optical and electronic properties of these materials (DeGroot et al. 2003) .
The flexibility of incorporating different chalcogens in mixed chalcogenide/ chalcogenolate complexes via the equation 4 ], E = Te, E = Se; E = Te, E = S; E = Se, E = S, from the corresponding silylated reagents (figure 2). The photophysical properties of these mixed chalcogen nanoclusters are sensitive to changes to both the interstitial and surface chalcogen ligands Aharoni et al. 2003) . In the UV-Vis spectra for these ternary 12-16 complexes, the onset of the absorption displays a shift to higher energy when varying E and E from Te to Se to S, consistent with the change in bandgap energy in the corresponding bulk 12-16 materials. Emission from the [Cd 10 E 4 (E Ph) 12 (PR 3 ) 4 ] clusters is only observed at low temperatures and the energies and lifetime of these emissions in the photoluminescence spectra depend on the nature of the E chalcogen centres on the cluster surfaces, with the lighter congeners displaying higher-energy emissions (Aharoni et al. 2003) . figure 3 ) and related Cu x Se y (SPh) z polynuclear complexes was also developed using this mixed chalcogen methodology (Fuhr et al. 2005) . The nature of the structures of Cu(I) and Ag(I) chalcogenide nanoclusters in particular is wide and varied, with the coordination flexibility of these metal centres introducing an additional structural degree of freedom. The structure of [Cu 72 Se 14 (SPh) 36 (OAc) 8 (PPh 3 ) 6 ] displays a central Cu 16 Se 14 that is enveloped below the surface of the cluster, which is primarily composed of Cu-SPh in addition to the ligands PPh 3 and OAc. The authors have further developed the approach to incorporate substituted phenyl rings onto the S-Ar surfaces (Fuhr et al. 2007; Langer et al. 2009 (Fuhr et al. 2007; Fernandez-Recio et al. 2008; Langer et al. 2009) . Although the nitro groups in the latter are not directly bonded to the cluster core (figure 4), they are observed to have a pronounced effect on the UV-Vis absorption profiles of [Cu 22 Se 6 (S-p-C 6 H 4 NO 2 ) 10 (PPh 3 ) 8 ] when compared with the comparatively sized cluster [Cu 28 Se 6 (SPh) 16 (PPh 3 ) 6 ]. Whereas the former displays a strong absorption maximum in the visible region at approximately 400 nm from the -S-p-C 6 H 4 NO 2 moieties, this profile is not observed in spectra of the latter complex.
Much larger architectures have now been prepared from Ag(I) salts, and the silver selenide dimethylaminophenylthiolate clusters [Ag 76 Se 13 (Sp-C 6 H 4 NMe 2 ) 50 (PPh 3 ) 6.5 ] (figure 5) and [Ag 88 Se 12 (S-p-C 6 H 4 NMe 2 ) 63 (PPh 3 ) 6 ] also display similar 'core' (Ag 2 Se)/'shell' (AgS-S-p-C 6 H 4 NMe 2 ) arrangements of the two chalcogen types found in the copper(I) systems (Chitsaz et al. 2006 ). 
(b) Ferrocenyl chalcogen reagents
As has been demonstrated recently for 12-16 semiconductor nanoparticles (Mulrooney et al. 2009 ), the inclusion of redox active ferrocenyl units can alter the optical properties of the material (on/off quenching of luminescence) and introduce a functionality that may be used for chemical sensing. Silylated ferrocenyl chalcogen reagents offer a controlled route to the formation of structurally characterized metal chalcogenolate and chalcogenide clusters and nanoclusters with multiple ferrocenyl moieties incorporated onto the surface. The assembly of ferrocenyl units onto the surface of both small and high-nuclearity clusters opens the door for a wide range of applications, including sensing and molecular electronic devices (Lebande et al. 2002; Mulrooney et al. 2009 ).
The incorporation of one or two chalcogen sites via substitution on one or both of the cyclopentadienyl rings allows for multiple bonding modes, owing to the flexible nature of the S/Se/Te sites, in addition to the free rotation about the C 5 rings. The latter has been well developed for the related carboxylate ligands CpFe(h 5 -C 5 H 4 C(O)O − ) and 1,1 -Fc(C(O)O − ) 2 on metal oxide clusters (Chandrasekhar et al. 2000; Zheng et al. 2004) . Stannoxane frameworks, for instance, are relatively robust and themselves not redox active, thus the core does not interfere with the redox processes of the surface ferrocenyl units (Chandrasekhar et al. 2000) . The first of these (Chandrasekhar et al. 2000) . The core comprised two hexameric Sn 3 O 3 rings in a puckered chair-like conformation. The two rings are then further joined to one another, giving rise to six Sn 2 O 2 units, which comprise the side faces of the cluster. This particular arrangement is a common feature of stannoxane clusters Holmes et al. 1987) . The ferrocenyl units of the ferrocenyl carboxolate ligands are spatially arranged around the drum in a wheel-like fashion. This arrangement of both core and ferrocenyl units is also observed in [n-BuSn(O)OC(O)(CH 2 C 5 H 4 )Fe(C 5 H 5 )] 6 , the only difference being the incorporation of a CH 2 spacer between ferrocenyl units and carboxylate moieties. This spacer, however, is important, as it allows additional flexibility in the ferrocene units and, ultimately, hydrogen bonding interactions. These hydrogen bonding interactions provide the ability for the assembly of supramolecular grids of these clusters (Chandrasekhar et al. 2002) . Cyclic voltammetry of each of these compounds shows a single reversible oxidation, with all six ferrocenyl units oxidized at the same potential, even after several cycles. Unlike the synthesis of the drum-like ferrocenyl assemblies from the 1 : 1 addition of ferrocenyl carboxylic acid to n-BuSn(O)OH in refluxing benzene, the mixed valence [Sn 8 O 4 OC(O)(C 5 H 4 )Fe(C 5 H 5 ) 6 ] (figure 7) was prepared via solvothermal methods (Zheng et al. 2004) . The central core comprised four endo Sn 3+ atoms, four exo Sn 2+ atoms and four m 4 -O atoms occupying the four corners of a distorted cube. The iron atoms sit at the vertices of a regular octahedron, with a ferrocenyl moiety spanning each face of the cube. The extensive effect that the ligands used can have on the structure of the core is highly evident in these stannoxane clusters. As the use of the ferrocenyl carboxylate yields a drum-like core structure, the use of the disubstituted 1,1 -ferrocene dicarboxylate gives rise to a completely different cube-like arrangement of the core. Cyclic voltammetry of this compound shows an irreversible oxidation at 0.95 V, indicating that the cluster is not stable and decomposes upon oxidation. Recently, the related heavier chalcogenolate ligands FcC(O)E − have been incorporated onto metal cluster frameworks using the silylated reagents The Cu atoms all adopt trigonal planar geometry, bridged by either: two selenolates and terminated by a phosphine, three Cu-Se interactions, or one selenolate and two phosphine ligands. In each cluster, the ferrocenyl moieties occupy surface sites. Unlike surface-modified stannoxane clusters, cyclic voltammetry of these copper selenolate clusters indicates an initial irreversible oxidation followed by either one or two reversible waves (depending on the ligand used), indicating decomposition of the cluster upon oxidation of the ferrocenyl units and concomitant Se-Se bond formation (Wallbank & Corrigan 2001) . (Wallbank & Corrigan 2004 ) is the only homoleptic complex, with an overall 2− charge on the cluster frame. The structure comprised a non-bonded Ag 4 tetrahedron with all ferrocenyl selenolates m 2 -bridging to the metals (figure 9). Each silver atom has a distorted trigonal planar geometry. The overall structure has also been observed in other silver chalcogenolate clusters (Henkel et al. 1988; Canales et al. 2003) . Here, the core consists of tetrahedral and trigonal planar silver atoms all bridged by the eight ferrocenyl selenolates, which adopt m 2 -or m 4 -coordination modes. The core can be loosely described as two linked Ag 8 Se 8 moieties, the dimerization occurring to compensate for the reduced P : Ag ratio in the larger framework.
Reactions using a combination of both Fc( 10 ] are very similar, with only minor differences due to the different tertiary phosphines used, illustrating the structure-directing control of the FcSe 2 ligands (figure 11). The selenium framework consists of six m 5 -selenide ligands with m 3 -selenolate ligands all bonded to copper centres, which adopt both trigonal planar and tetrahedral geometries. The ferrocenyl units exposed on the surface of the cluster are sandwiched between 10 surface phosphine ligands. The use of FcSe 2 ligands imparts greater stability to these clusters in solution (Nitschke et al. 2006) . In contrast, Cu 2 Se clusters whose surfaces are passivated uniquely with phosphines typically undergo condensation reactions when redissolved in organic solvents (Fuhr et al. 2002) . At present, there remains, however, much to develop in terms of the applications of these modified materials, including improving the kinetic stability of these species when they are re-dispersed in organic solvents. The incorporation of an even larger number of interstitial selenide ligands allows for the corresponding growth into larger copper selenide clusters and the incorporation of a greater number of redox active ferrocenyl units onto the surface. [Cu 36 Se 12 (FcSe 2 ) 6 (P n Pr 2 Ph) 12 ] (figure 12) (Nitschke et al. 2006 ) is obtained using a combination of CuOAc, P n Pr 2 Ph, Se(SiMe 3 ) 2 and Fc(SeSiMe 3 ) 2 . The cluster can be described as consisting of three Cu 10 (Se 2 Fc) 2 Se 3 units about a central Cu 6 Se 3 core, with a single m 9 -selenide and two m 6 -selenides bridging nine interstitial copper atoms. There is thus a clear structural relationship observed between the surfaces of Cu 20 and Cu 36 frameworks, the latter having an expanded central copper selenide core. The Cu 36 cluster framework can also be grown via the partial substitution of the tertiary phosphines, as reported for the synthesis of [Cu 36 Se 12 (FcSe 2 ) 6 (P n Pr 3 ) 10 (Ph 2 P(CH 2 ) 3 SH) 2 ] (Nitschke et al. 2006) .
Currently, the highest-nuclearity ferrocenylated copper selenide cluster that has been structurally characterized is [Cu 40 Se 12 (FcSe 2 ) 8 (PPh 3 ) 9 ] (figure 13) (Wallbank & Corrigan 2005) . In this layered framework, there are 12 selenide ligands distributed in what is best described as an ABC-type Se 20 packing. The selenide ligands are m 4 -and m 8 -ligating, while the selenium centres on the selenolate ligands are m 2 -, m 3 -or m 4 -bonded to the copper centres. 
Conclusions and outlook
Chalcogen reagents that are freely soluble in common solvents (even at low temperatures) and by-products that do not interfere with the crystallization processes are extremely effective for the synthesis of the largest, monodisperse metal-chalcogen nanoclusters. The reactions of ligand-solubilized metal salts with a combination of E(SiMe 3 ) 2 and RESiMe 3 are now a proven strategy to access high-nuclearity metal chalcogenolate/chalcogenide nanoclusters. Singlecrystal X-ray diffraction studies on these clusters clearly identify the arrangement of the metal-chalcogen core, the structure of which can be highly dependent on the bonding nature of the surface chalcogenolate ligands. In order to achieve a long-term goal of producing functional nanomaterials using this methodology, the design and preparation of new RESiMe 3 reagents is required. This area of development is, relatively speaking, still in its infancy; however, new RESiMe 3 reagents incorporating absorbing dye and redox active moieties have resulted in more tailored surfaces being incorporated onto metal chalcogenide frameworks. These clearly indicate the viability of further developing this general reaction strategy where the nanocluster cores can serve as tethers for the anchoring of multiple, functional surface chalcogenolate units.
